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Beyond The MSSM Scalar Sector

• Very Light SM-like Higgs mass 

at tree-level 

with %-ish tuning

• Can use strong-coupling to increase  
Haber-Sher, Espinosa-Quiros, ...
P.B. et al., “The Fat Higgs”,  …,  Dine et al.

NMSSM, Dermisek-Gunion, Chang-Fox-Weiner

• Can evade LEP bounds via singlet mixing  

big modifications in the higgs sector! affects collider searches



Outline

• LEP motivates Supersymmetric EWSB (sEWSB) 

• sEWSB captured in an effective field theory 

SM-like Higgs mass is not directly tied to 
Another qualitative shift in Higgs physics

Only need to consider the MSSM degrees of freedom
Much easier to identify gross phenomenology (Fat Higgs)

The heavier higgs,     , is naturally SM-like
The charged Higgs and non-SM-like Higgs are degenerate
Very rich vacuum structure

• New paradigm for 2HDM phenomenology 



•          determined by the superpotential W, 
                       not     ,
much easier to find  

Supersymmetric EWSB (sEWSB)

• SUSY-limit of EWSB

Vector Superfield ‘eats’ a chiral superfield 

The super-radial mode contains the SM-like Higgs
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An effective field theory of sEWSB

Figure 1: The phase structure of the superpotential in Eq. (1) keeping only the leading cor-
rection, along the tan β = 1 slice. Supersymmetry allows us to reliably calculate around the
EWSB minima, since the scale of new physics may be much larger than all other mass scales
in the effective theory.
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Their effects on the physical properties of the vacuum of Eq. (2) are also suppressed by µ/µS

and correspond to small corrections to the zeroth order solution described in the previous

paragraph.1 For instance, although the leading order D-terms imply that tan β = 〈Hu〉/〈Hd〉 =

±1, the higher-dimension Kähler corrections can lead to | tan β| #= 1 if au
1 #= ad

1, or bu
1 #= bd

1, etc.

[see Eqs. (38), (39) and (40) in Appendix A for the general expressions of the D-term potential].

However, to the extent that µ/µS is small, one finds that | tan β| remains close to one in the

SUSY limit. Nevertheless, the Kähler terms can have other phenomenologically relevant effects

that are pointed out in Subsection 2.3. There may also be terms containing SUSY covariant

derivatives that we do not show explicitly, since they lead to derivative interactions that do not

affect the vacuum or spectrum of the theory.

In summary, it is possible to study the properties of the sEWSB vacuum from Eq. (1)

without a complete specification of the physics that gives rise to the tower of higher-dimension

operators, so that an EFT analysis is appropriate. In particular, the theory that includes the

higher-dimension operators has at least two degenerate SUSY-preserving minima: the origin

1Kähler terms suppressed by 1/µ2n
S give corrections suppressed by at least (µ/µS)n.
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An effective field theory of sEWSB

• The EFT has a good expansion parameter

Corrections from higher-order operators  

Irony: under control only because there is no 
renormalizable tree-level quartic---
the usual problem in the MSSM!

• Some tension between making        large,
but keeping the EFT under control.    

 Inverted scalar hierarchy occurs when 



Turn on SUSY-breaking

• SUSY-breaking needed to lift the fermions

2.2 Supersymmetric Higgs Spectrum

The spectrum and interactions of the Higgs sector in the sEWSB vacuum are particularly

simple due to the constraints imposed by the unbroken supersymmetry: the massive W and Z

gauge bosons are components of two separate massive vector superfields, a charged field with

mass mW and a neutral field with mass mZ . Each massive vector superfield is made up of a

massless vector superfield and an eaten chiral superfield. The complex massive vector superfield

corresponding to the W± gauge bosons eats the superfields H+
u and H−

d . The massive vector

superfield that contains the Z boson eats the linear combination that does not acquire a VEV,

H ≡ (H0
u−H0

d)/
√

2. The orthogonal combination (or “super-radial” mode), h ≡ (H0
u+H0

d)/
√

2,

remains as an additional degree of freedom and corresponds to the physical Higgs superfield

(the fact that 〈h〉 = v signals that these degrees of freedom are responsible for the unitarization

of WW scattering).

The scalar components of the superfields, in unitary gauge, are

Hu =
(

H+
u

H0
u

)
=

( 1√
2
H+

v√
2

+ 1
2 (H + h + iA0)

)

, Hd =
(

H0
d

H−
d

)
=

( v√
2

+ 1
2 (−H + h + iA0)

1√
2
H−

)

. (8)

Here, h is exactly the SM-like Higgs and we have decomposed the scalar sector into mass

eigenstates. The scalar fields H and H± have masses mZ and mW , respectively, and the fields

h and A0 —in the zeroth order approximation discussed in the previous subsection— have

mass 2|µ|.2 Also, the fermions of each eaten superfield form Dirac partners with the vector

superfield gauginos, and have masses equal to their vector partners. The Higgs superpartner is

a Majorana fermion. The field content and supermultiplet structure is as follows:

Mass Scalars Fermions Vectors
0 — 1 majorana Aµ

mW H± 2 Dirac W±
µ

mZ H 1 Dirac Zµ

2|µ| h, A0 1 majorana —

It is remarkable that in the sEWSB vacuum, the mass of the SM-like Higgs (which com-

pletely unitarizes WW scattering) is fixed by the µ-term. In particular, the mass of the SM-like

Higgs is independent of the SM gauge couplings, contrary to what happens in the MSSM with

only renormalizable operators. It should also be noted that this mass can be shifted by order

2One can see that the superfield h has mass 2|µ| by using a supersymmetric gauge transformation to com-
pletely remove the eaten superfields H,H+

u , H−
d from the theory. The superpotential then contains the mass

term W ⊃ µh2.

7

• Breaks the degeneracy with the origin

• Many terms, even without any new degrees of 
freedom
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Figure 3: Region of parameters in the (det, trace) plane of Eqs. (28), that lead to EWSB.
The light-shaded triangular region corresponds to the complete EWSB parameter space in the
MSSM (in the absence of higher-dimension operators). The (blue) dots correspond to theories
that break the EW symmetry, taking ω1 = 2, ξ = 0, and for fixed tan β = 1 (m2

Hu
= m2

Hd
). We

scanned over b and m2
Hu

with |b|, |m2
Hu

| < (µS/5)2. All points have been normalized so that
v = 174 GeV.

destabilized, the minimum initially at the origin can become non-trivial but remain near the

origin, while the originally sEWSB minimum is shifted only slightly. The question then arises

as to which of these two is the true global minimum. In the small SUSY breaking limit, this

question is readily answered by working out the shift in the potential energy to leading order

in the soft SUSY breaking terms:

V ≈ (m2
Hu

+ m2
Hd

+ 2b)
v2

2
, (small SUSY breaking) (31)

where v corresponds to the unperturbed SUSY VEV. For minima near the origin, this result

shows that its energy is not shifted at lowest order in SUSY breaking. Furthermore, we learn

that the sEWSB minimum with v ≈ (2µµS/ω1)1/2 is the global minimum provided m2
Hu

+

m2
Hd

+ 2b < 0, at least when these parameters are small compared to µ.

In the general case, when SUSY breaking is not necessarily small compared to µ (but still

assuming it is small compared to µS so that the EFT gives a reasonably good description of the

physics), we can approach the problem as follows: both Eqs. (17) and (18) are only quadratic

17

Much larger region of EWSB

Generically, much 
larger region for 
EWSB

signs matter, 



Must satisfy                                            to a high degree                          

• Inverted Hierarchy:         is SM-like (                   )

Figure 4: Inverted scalar hierarchy region in the MSSM, where the heavier CP-even state H0 is
SM-like (hatched region), together with the LEP-II allowed regions for h0/H0 (blue/yellow)—
with and without quantum corrections from top-stop loops. There is no viable region with an
inverted scalar hierarchy without quantum corrections (leftmost plot). Including a correction
of size ∆ = 0.5 (see text) to the H0

u–H0
u component of the CP-even neutral mass matrix leads to

a viable inverted scalar hierarchy (green region, middle figure). Setting ∆ = 0.7 (right figure)
produces both a viable inverted scalar hierarchy region (green) and a viable standard hierarchy
region (red), where h0 is SM-like. These bounds include quantum corrections only through
their effects on the CP-even mixing angle α, and assume B(h0, H0 → bb̄) ∼ 0.85. The purple
arrow indicates the LEP bound on mA0 .

has SM-like couplings to massive vector Z bosons. It is much more natural for sEWSB vacua to

satisfy the 114 GeV bound on the SM-like Higgs state, since sEWSB vacua naturally have an

inverted scalar sector: the heavy CP-even state is SM-Higgs-like, and is subject to the LEP-II

bounds, while the light CP-even state is not SM-like, couples more weakly to Z bosons, and is

more difficult to observe.

Regions where the light CP-even state is not SM-like exist in the MSSM, but are relatively

rare and tuned [12]. The inverted hierarchy spectrum is distinct from the usual decoupling

limit of the MSSM, where an entire SU(2) doublet of fields (H+, H0, A0) becomes much heavier

than the weak-scale while the lighter CP-even state h0 is increasingly SM-like. In Figure 4, we

qualitatively show in the mA0–tan β plane the inverted hierarchy region (hatched) where H0 is

more SM-like than h0 (i.e. g2
H0ZZ/g2

hSMZZ = c2
β−α > 1/2). We use a smooth interpolation of

LEP-II bounds on the CP-even states only [14] to describe regions of parameter space where

h0/H0 are allowed (blue/yellow regions). We assume that all superpartners are sufficiently

heavy that no Higgs decay channels other than the SM ones are open. We take B(h0, H0 →

19

Inverted Hierarchy in the MSSM



Inverted Hierarchy in sEWSB vacua

Figure 5: Examples illustrating the inverted hierarchy region in the presence of non-
renormalizable operators, as well as the regions allowed by LEP. The color code is the same as
in Fig. 4. The leading order tree-level expressions of Section 3 are used, and no loop corrections
are included. The charged Higgs direct bounds are satisfied in the LEP allowed regions. The
purple arrow indicates the LEP bound on mA0 . Direct limits on the lightest chargino/neutralino
are not shown. The two plots correspond to different choices of the parameters of the model
other than tan β and mA0 .

eterized by tan β and mA0 alone, even at tree-level. As an illustration, we show in Fig. 5 two

examples of the mA0–tan β plane that exhibit the inverted CP-even scalar hierarchy region

(hatched), fixing the values of |µ|, the sum m2
Hu

+ m2
Hd

, and the SUSY breaking parameter ξ

[the difference m2
Hu
−m2

Hd
is fixed by Eq. (18)].

We see that, unlike in the MSSM, there exists a large, LEP allowed, inverted hierarchy

region at low tan β. For reference, we also show the regions allowed by the LEP Higgs searches

in the CP-even sector, using the same color code as in Fig. 4. We perform a tree-level analysis

at leading order in the 1/µS expansion, ignoring loop corrections that depend on additional

SUSY breaking parameters (associated with the third generation). All the points we con-

sider are within the domain of validity of the EFT. We do not include in the plots the direct

chargino/neutralino exclusion limits, that are expected to impose further constraints (see Sec-

tion 4.3); we have checked that they do not change the qualitative picture shown in the plots.
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Inverted hierarchy in roughly ‘half’ of parameter space



Example Spectra

charginos and neutralinos in terms of the underlying Higgsino and gaugino states, these bounds

may be relaxed [16].

We also require that the charged Higgses have mass greater than the direct LEP-II search

bound of 80 GeV [16]. There are more stringent constraints from the Tevatron on charged

Higgs masses for low tan β when mH+ < mt−mb. For tan β ∼ 1, mH+ ∼> 110 GeV [16]. These

searches ignore the possibility that the charged Higgs can decay to a chargino/neutralino, which

may alter the limits. Additionally there are strong indirect constraints, mH+ > 295 GeV from

the measured rate of b → sγ [17], although additional NNLO corrections appear to weaken

this bound [18]. These indirect analyses assume no other sources of new physics beyond the

charged Higgs itself. However, given that the chargino tends to be light in this theory and is

known to interfere with the charged Higgs contribution to b → sγ [19], and the spectrum of

squarks (which may also interfere with the charged Higgs contribution) is undetermined, we

restrict ourselves to considering only the direct charged Higgs bound.

The following sample points have inverted scalar hierarchies, a wide range of mH0 , and

different Z-Z-H0 couplings:

Point 1

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-60 1 0.11 -2.2 -1.7 -0.60 0.20 1.5 1.7

ρ tan β mh0 mH0 g2
H0ZZ/g2

hSMZZ mA0 mH+ mχ+ mχ0

0.47 -1.3 120 150 0.98 100 120 110 90

This is a spectrum where H0 is SM-like, but its mass is well-above the LEP-II limit, and

well-above the mass of h0.

Point 2

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-150 2 0.14 -1.1 -0.99 -0.51 0.20 0.36 0.57

ρ tan β mh0 mH0 g2
H0ZZ/g2

hSMZZ mA0 mH+ mχ+ mχ0

.20 -1.3 190 210 0.77 185 190 105 60

Point 2 is similar to point 1, but all the scalar masses (including mH+) are closer to 200 GeV.

H0 is not entirely SM-like.

Point 3

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-70 3.5 0.19 1.95 -0.45 -0.47 0.70 -1.0 .86
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from higher-order operators in the 1/µS expansion that we have not considered. The precise

size of these corrections can only be determined in a given UV completion.

NLSP Chargino

µ ω µ/µs b/µ2 m2
u/µ

2 m2
Hd

/µ2 ξ M1/µ M2/µ
-70 1 0.11 -1.6 -1.7 .22 0.20 1.5 1.7

ρ tan β mh0 mH0 g2
H0ZZ/g2

hSMZZ mA0 mH+ mχ+ mχ0

0.34 -1.8 120 140 0.82 110 125 100 110

5 Ultraviolet Scenarios

So far we have restricted ourselves to an analysis of the low-energy physics from an EFT point

of view. This has the advantage of making more transparent (and also easier to analyze) the

effects of the heavy physics on the low-energy degrees of freedom (here the MSSM field content)

and allowed us to focus on the sEWSB vacua.

It is nevertheless worth pointing out that the tower of operators involving only the MSSM

Higgs superfields that we have considered [see e.g. Eq.(1)] already arises in one of the simplest

extensions of the MSSM: the addition of a SM singlet. To be more precise, consider the

renormalizable superpotential

W = µHuHd + λSHuHd +
1

2
µSS2 +

κ

3
S3 . (35)

If the singlet mass µS is sufficiently large, we can integrate out S using its supersymmetric

equation of motion (we could keep the SUSY covariant derivative terms)

S = − 1

µS

[
λHuHd + κS2

]
. (36)

Replacing back in the superpotential and using the above equation of motion iteratively, one

gets the effective superpotential

Weff = µHuHd −
λ2

2µS
(HuHd)

2 − λ3κ

3µ3
S

(HuHd)
3 + · · · . (37)

The full tower of higher-dimension operators is generated with, in the notation of Eq. (1),

ω1 = −λ2, ω2 = −λ3κ, etc. Note also that for κ = 0 only the lowest dimension operator, with

coefficient ω1, is generated.
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• Inverted Spectra are easy to find:

• Chargino NLSP?



Conclusions
• Post-LEP, it is worth reconsidering what the most 
likely BSM Higgs sector looks like:

   SM-like

• Supersymmetric EWSB is a qualitatively new 
starting point---EFT approach is very powerful!
Easy to UV complete into a theory with  

• Light Higgs -> Light charginos, charged Higgs + new 
phenomenology! 

Rich Vacuum Structure---cosmological applications?



• supplements



Decoupling of sEWSB vacuum

Figure 2: An illustration showing the equipotential lines in the vu–vd plane for a case with
two nontrivial minima. The nature of these minima can be determined by exploring how the
physics depends on the UV scale µS: the MSSM-like VEV remains near the origin as µS →∞,
while the “sEWSB” VEV scales like

√
µS (as indicated by the arrow) for large µS. The limit

is taken with all other microscopic parameters fixed.

new minima can be described as those that are “brought in from infinity” when the higher-

dimension operators are turned on. It is important to notice that, as was argued by an operator

analysis in Subsection 2.1, the EFT gives a good control of the physics of such non-standard

vacua provided

v2

µ2
S

∼ 2ρ

ω1

µ

µS
% 1 .

This approximation becomes even better in the limit described above and leads to the interesting

situation in which, although the physics at µS is crucial in triggering EWSB, the details of that

physics actually become unimportant. With a slight abuse of notation we will continue referring

to vacua that obey the scaling v ∼ √µS in the large µS limit as sEWSB vacua, even when SUSY

breaking is not negligible. The important property is that they exist only due to the presence

of the higher-dimension operators, while being describable within the EFT framework.
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